Introduction {#S0001}
============

Chronic pain remains a major comorbidity in sickle cell disease (SCD) requiring long-term opioid treatment.[@CIT0001] Due to the side-effects of opioids including addiction, non-opioid treatments are needed for the long-term treatment of chronic pain in SCD. Strategies such as acupuncture have fewer side-effects than pharmacological agents. Limited evidence to date suggests that acupuncture offers pain relief in patients with SCD[@CIT0002],[@CIT0003] and in humanized HbSS-BERK (BERK) transgenic mice with SCD.[@CIT0004] In a previous study, we administered electroacupuncture (EA) treatment in awake, free-moving mice devoid of the potential influence of anesthetics or restraint-induced stress.[@CIT0004] EA led to variable analgesia in BERK mice, with high, moderate, and no effect.[@CIT0004] Importantly, we observed that the varied responses to EA analgesia in SCD mice correlated with levels of spinal substance P (SP), phospho-p38 mitogen-activated protein kinase (MAPK), and several inflammatory cytokines.[@CIT0004]

It is likely that p38 MAPK activation is critical in the analgesic response because it is constitutively activated in the spinal cord of sickle mice in association with central sensitization.[@CIT0005] SP is an activator of p38 MAPK because inhibition of the SP receptor, neurokinin 1 receptor (NK1R), had an inhibitory effect on p38 MAPK in human intervertebral disc cells.[@CIT0006] Circulating SP levels are elevated in patients with SCD.[@CIT0007],[@CIT0008] BERK mice also exhibit higher SP in the blood, dorsal root ganglion, skin secretagogue, and spinal cord.[@CIT0009],[@CIT0010] EA treatment reduced spinal SP and p38 MAPK phosphorylation in BERK mice showing higher analgesic response but not in moderate- and non-responders.[@CIT0004] These findings suggest that the inadequate analgesic effect of EA in moderate- and non-responders might be attributed to the hypersensitivity resulting from the higher levels of inflammatory signaling via SP and p38 MAPK. We, therefore, hypothesized that targeted inhibition of SP or p38 MAPK signaling may improve EA analgesia in BERK mice.

Materials and methods {#S0002}
=====================

Animals {#S0002-S2001}
-------

Transgenic homozygous HbSS-BERK (BERK) sickle mice (5--7 month, both gender) expressing \>99% human sickle hemoglobin were used for this study.[@CIT0011] All animal studies were performed following guidelines established by the International Association for the Study of Pain and protocols approved by the Institutional Animal Care and Use Committee of the University of Minnesota.

Treatments {#S0002-S2002}
----------

As described earlier, homozygous BERK mice without anesthesia or restraint were treated with EA.[@CIT0004] Analgesic responses to EA were defined as high- (nociceptive threshold increase \>200%), moderate- (threshold between 100% and 200%), and non-responders (threshold increase ≤100%) according to the change in pain threshold as described previously.[@CIT0004]

Netupitant (Sigma-Aldrich), an inhibitor of the SP receptor neurokinin 1 (NK1R),[@CIT0012] and SB203580 (Tocris/BioTechne),[@CIT0013] a p38 MAPK inhibitor, was used in this study. EA-treated moderate- and non-responders were randomly assigned to untreated control, EA-only treatment, netupitant-only treatment, SB203580-only treatment, or combination treatment with EA. Mice were treated (i.p., 10 mg/kg for both drugs) with netupitant or SB203580 daily from day 1, alone or concomitantly with EA (frequency: 4 Hz for the first three sessions followed by 10 Hz for the last session, pulse width: 100 μs, duration: 30 min/session) on day 0 and subsequently on days 3, 6, and 9.

Measurements of hyperalgesia {#S0002-S2003}
----------------------------

Mice were assessed for mechanical hyperalgesia determined by paw withdrawal frequency evoked by calibrated 1-g von Frey (Semmes-Weinstein) monofilaments (PWF-VF, 1 g fiber) or paw withdrawal threshold assessed by a series of von Frey monofilaments (PWT), heat sensitivity determined by paw withdrawal latency evoked by a heat stimulus applied to the plantar surface of the hind paw (PWL-heat), cold hyperalgesia determined by paw withdrawal frequency on a 4°C cold plate recorded over a 2-min period (PWF-cold, 2 mins), and deep tissue hyperalgesia determined by the forepaw grip force in gram measured with a computerized grip force meter (grip force, g). Behavioral measurements were performed in a quiet, temperature- and humidity-controlled room as described.[@CIT0004] The experimenter was blinded to the treatment for each mouse. Mice were acclimated to each behavioral testing paradigm in the behavioral room prior to the experiments. Evaluation of the baseline of each pain behavioral test was performed 24 hrs before the start of the study. Only BERK mice that displayed mechanical hyperalgesia response of 7 or higher out of 10 applications (70%) in PWF-VF were selected for further studies. EA was applied every 3rd day prior to other subsequent treatments.

Quantification of SP by ELISA {#S0002-S2004}
-----------------------------

Whole blood was collected by cardiac puncture and transferred to EDTA-tubes. Plasma was then isolated within 30 mins by centrifugation for 7.5 mins at 2,500 rpm at 4°C. Isolated plasma was kept at −80°C before analysis for SP (Abcam) according to the manufacturer's instructions.

Analysis of p38 MAPK by Western blot {#S0002-S2005}
------------------------------------

Supernatants of whole spinal cord lysates were resolved on a 3--15% gradient gel by polyacrylamide gel electrophoresis (30 μg protein/lane) and immunoblotted with antibodies to phosphorylated p38 MAPK and unphosphorylated total p38 MAPK (all from Cell Signaling Technology) as described previously.[@CIT0004]

Laser scanning confocal microscopy for nuclear co-localization of p38 MAPK {#S0002-S2006}
--------------------------------------------------------------------------

Freshly prepared 10 μm spinal cord sections were fixed with 4% paraformaldehyde and blocked with 3% donkey serum. Sections were then permeabilized with 0.01% Triton X-100 (all from Sigma-Aldrich) and then incubated with primary antibodies, anti-phosphorylated p38 MAPK (1:50) (1:100, Cell Signaling Technology). The bound antibodies were detected by incubation with Cy3 conjugated donkey anti-rabbit antibody (Jackson ImmunoResearch) and counterstained with DAPI (Thermo Fisher Scientific) to detect the nulei. Confocal images from the dorsal horn were collected using the Olympus FluoView FV1000 BX2 Upright Confocal at the University Imaging Centers of University of Minnesota. The average percentage of co-expression of phosphorylated p38 MAPK with cell nuclei throughout the spinal cord dorsal horn (six images acquired from randomly selected areas from superficial to the deep dorsal horn) was quantified with Image J.[@CIT0014]

Statistical analysis {#S0002-S2007}
--------------------

All data were analyzed using Prism software (v 6.0a, GraphPad Prism Inc., San Diego, CA). Analysis of variance with Bonferroni's post hoc test was used for comparison between multiple groups as indicate in the figures. A *p*-value \<0.05 was considered significant. All data are presented as mean ± SEM.

Results {#S0003}
=======

There was a gradual decrease in mechanical hyperalgesia starting on day 3 after the co-treatment with EA and netupitant in EA-treated moderate- and non-responders (Moderate/Non-responders + EA + Netupitant); this analgesic effect reached significance on day 9 as compared to untreated controls (Moderate/Non-responders untreated) or treatment with only EA (Moderate/Non-responders + EA) or netupitant (Moderate/Non-responders + Netupitant) and was sustained until day 12, lasted for the period of observation ([Figure 1A](#F0001){ref-type="fig"}). Co-treatment gradually attenuated heat, cold, and deep tissue hyperalgesia and reached significance on day 12 ([Figure 1B](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}). Notably, additional EA treatment in EA-treated poor-responders (Moderate/Non-responders + EA) or administration of netupitant alone (Moderate/Non-responders + Netupitant) did not improve analgesia significantly.Figure 1Inhibition of NK1 receptor (NK1R) potentiates EA analgesia. BERK mice pre-screened as moderate- and non-responders to EA treatment were selected and divided into four treatment groups: \[i\] untreated controls (Moderate/Non-responders untreated), \[ii\] EA alone (Moderate/Non-responders + EA), \[iii\] netupitant alone (Moderate/Non-responders + Netupitant), or \[iv\] EA plus netupitant (Moderate/Non-responders + EA + Netupitant). Four consecutive EA regimens were administered as described in Materials and methods.[@CIT0004] The NK1R inhibitor, netupitant (10 mg/kg) was administered intraperitoneally daily up to day 12. Pain measurements were performed at baseline (BL) and days 3, 6, 9, and 12 before the treatment on each corresponding day (black arrows). (**A**) Paw withdrawal threshold using von Frey microfilaments (PWT-VF, 1 g) as a measure of cutaneous nociception. (**B**) Paw withdrawal latency to a heat stimulus (PWL-Heat). (**C**) Paw withdrawal frequency to a cold stimulus (PWF-Cold, 2 mins). (**D**) Deep tissue hyperalgesia as measured by grip force (g). \* *p*\<0.05 vs BL of matching group; \$ *p*\<0.05 vs Mod UT; \# *p*\<0.05 vs Mod + EA; € *p*\<0.05 vs Non-UT, † *p*\<0.05 vs Non + EA (two-way ANOVA, Bonferroni). Each value is the mean ± SEM of 6--8 mice.**Abbreviations:** BL, baseline; EA, electroacupuncture; g, gram; Mod, moderate-responders; Non, non-responders, N, netupitant; PWF-VF, paw withdrawal frequency-von Frey; PWL, paw withdrawal latency; UT, untreated.

Combined treatment with EA and SB203580 (Moderate/Non-responders + EA + SB) attenuated mechanical ([Figure 2A](#F0002){ref-type="fig"}) and heat ([Figure 2B](#F0002){ref-type="fig"}) hyperalgesia on day 12, but not cold ([Figure 2C](#F0002){ref-type="fig"}) or deep tissue ([Figure 2D](#F0002){ref-type="fig"}) hyperalgesia. Similar to the effect of netupitant and EA co-treatment, the analgesic effect of EA and SB203580 co-treatment was sustained and remained progressively greater in attenuating mechanical and heat hyperalgesia with successive treatments. SB203580 treatment alone (Moderate/Non-responders + SB) did not attenuate mechanical or deep tissue hyperalgesia.Figure 2Inhibition of p38 MAPK potentiates the analgesic effect of EA. BERK mice pre-screened as moderate- and non-responders to EA treatment were selected and divided into four treatment groups: untreated controls (Moderate/Non-responders untreated), EA alone (Moderate/Non-responders + EA), SB203580 (a p38 MAPK inhibitor) alone (Moderate/Non-responders + SB), or EA plus SB203580 (Moderate/Non-responders untreated + EA + SB). Four consecutive EA regimens were administered as described earlier.[@CIT0004] SB203580 (10 mg/kg, i.p.) was administered daily up to day 12. Pain measurements were performed at BL and days 3, 6, 9, and 12 before the treatment on the corresponding day (black arrows). Hyperalgesia was assessed with (**A**) PWF-VF, (**B**) PWL-Heat, (**C**) PWF-Cold (2 mins), and (**D**) Grip Force (g). \**p*\<0.05 vs BL of matching group; \$ *p*\<0.05 vs Mod UT; € *p*\<0.05 vs Non-UT; † *p*\<0.05 vs Non + EA (two-way ANOVA, Bonferroni). Each value is the mean ± SEM of 6--8 mice.**Abbreviations:** BL, baseline; EA, electroacupuncture; g, gram; Mod, moderate-responders; Non, non-responders; PWF-VF, paw withdrawal frequency-von Frey; PWL, paw withdrawal latency; SB, SB203580; UT, untreated.

Quantitative Western blot analysis of whole lumbar spinal cords showed that combined treatment with EA and netupitant in both moderate- and non-responders (Non/Moderate-responders + EA + Netupitant) significantly reduced the expression of phospho-p38 MAPK relative to total-p38 MAPK ([Figure 3A](#F0003){ref-type="fig"}, [B](#F0003){ref-type="fig"}). Nuclear co-localization of phospho-p38 MAPK in the dorsal horn of the spinal cord was highly insightful because nuclear translocation of p38 MAPK is critical in the transcriptional regulation of inflammatory cytokines. We observed a significantly high co-localization of phospho-p38 MAPK immunoreactivity in the nulei of non-responders (red and white dots indicated by yellow arrows in the cyan nuclei) compared to high- responders ([Figure 3C](#F0003){ref-type="fig"}, [D](#F0003){ref-type="fig"}). Similarly, moderate-responders also showed significantly higher nuclear presence of phospho-p38 MAPK compared to high-responders. Either netupitant or EA alone did not have any effect on nuclear phospho-p38 MAPK in non- or moderate-responders. However, combined treatment with EA and netupitant significantly inhibited p38 MAPK phosphorylation as well as its nuclear translocation. High-responders did not show significant p38 MAPK phosphorylation upon Western blotting ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}) or upon immunofluorescent co-localization in the cytoplasm and/or nuclear translocation ([Figure 3C](#F0003){ref-type="fig"}, [D](#F0003){ref-type="fig"}). Together these data suggest that the non-responsiveness to EA in non- and moderate-responders may be due to increased spinal p38 MAPK phosphorylation due to higher NK1R activity perhaps due to increased SP levels in these sickle mice.Figure 3Co-treatment with Netupitant and EA reduced p38 MAPK phosphorylation and nulear translocation in the spinal cord of BERK mice. (**A**) Expression of phospho- and total-p38 MAPK using Western immunoblotting of the spinal cord of untreated controls (Non/Moderate-responders untreated), EA-only treated (Non/Moderate-responders + EA), netupitant-only treated (Non/Moderate-responders + Netupitant), and EA plus netupitant (Non/Moderate -responders + EA + Netupitant), as well as pre-screened high-responders without additional treatment (High-responders untreated). Image represents five reproducible experiments from 6 to 8 mice per group. (**B**) Phospho-p38 MAPK relative to total-p38 MAPK is shown (*p*\<0.0001). (**C**) Images show co-expression of phospho-p38 MAPK-immunoreactive (ir, red) and cell nuclei (DAPI, cyan) in the dorsal horn of the spinal cord. The yellow arrows indicate the co-localization of phospho-p38 MAPK and nuclei. Images were collected using a laser scanning confocal microscope at magnification 60× (4× or 16× zoom). Each image represents six fields of view from spinal cords of 4--6 mice per group. (**D**) The percentage of phospho-p38 MAPK-ir nuclei was averaged from randomly selected six fields of view from superficial to deep dorsal horn of each spinal cord from 4 to 6 mice per group. *p*\<0.05 is considered statistical significance (one-way ANOVA, Bonferroni). Each value represents mean ± SEM.**Abbreviations:** EA, electroacupuncture; ir, immunoreactivity; N, netupitant; Mod, moderate-responders; Non, non-responders; High, high-responders; Phospho, phosphorylation; UT, untreated.

Discussion {#S0004}
==========

Our study suggests that netupitant may promote EA analgesia via an inhibitory effect on spinal p38 MAPK phosphorylation. SP has been shown to induce the expression of proinflammatory cytokines including IL-6 via activation of p38 MAPK.[@CIT0015] It is likely that increased p38 MAPK phosphorylation induced by higher constitutive levels of SP in moderate- and non-responders compared to high-responders reduces response to EA analgesia. This is in agreement with our observations of reduced spinal p38 MAPK phosphorylation and SP in EA-treated high-responders. Our observations are also in agreement with previous studies demonstrating the attenuation of p38 MAPK phosphorylation by EA in the spinal dorsal horn in complete Freund's adjuvant-induced inflammatory pain.[@CIT0016]

Notably, spinal phospho-p38 MAPK decreased to levels observed in pre-screened high-responders. As p38 MAPK activation is associated with central sensitization, it is likely that netupitant may synergize with EA and abrogate the influence on central sensitization in moderate- and non-responders, thus enhancing the response to EA in these mice.

Preclinical data support the analgesic effect of NK1R blockade, but it has not been validated in clinical trials.[@CIT0017] In our BERK mouse model, we did not observe a significant effect of NK1R or p38 MAPK inhibition on analgesic response. However, each inhibitor individually enhanced the response to EA analgesia in moderate- and non-responders, suggesting that perhaps constitutively high SP may blunt response to EA analgesia. This is supported by our observations of much lower SP level in high-responders than in moderate- and non-responders with or without treatment ([Figure S1](#SD1)). Thus, spinal SP may predict response to EA analgesia, but spinal SP analysis may not be feasible in patients with SCD. Earlier our laboratory observed that increased SP in the blood is correlative to skin secretagogue, dorsal root ganglion, and spinal cord of BERK mice as compared to control mice.[@CIT0009],[@CIT0010] Therefore, it is likely that circulating SP in patients with SCD may be informative about its presence in the peripheral and central nervous system and may serve as a biomarker to predict response to EA analgesia. Taken together, our data suggest a novel approach to potentiate acupuncture analgesia in SCD without using opioids.

Conclusion {#S0005}
==========

Observations above evince treatable targets to potentiate the analgesic effect of EA in sickle mice with chronic pain. Whereas, netupitant has not been effective in treating pain by itself, the possibility of its potentiation of EA analgesia is highly attractive. These results have translational implications for determining response to EA therapy and targeting the non-responsiveness with FDA approved netupitant.
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Supplementary material {#S0007}
======================

Figure S1Netupitant did not significantly change substance P (SP) levels in blood. Levels of SP in the plasma of untreated controls (Non/Moderate-responders untreated), EA-only treated (Non/Moderate-responders + EA), netupitant-only treated (Non/Moderate-responders + Netupitant), and combination treated moderate- and non-responders (Non/Moderate-responders + EA + Netupitant), as well as untreated high-responders (High-responders untreated) were measured on day 13 after the last nociceptive assessment. No statistical difference was observed (one-way ANOVA, Bonferroni). Each value is the mean ± SEM from 4 to 6 mice per group.**Abbreviations:** EA, electroacupuncture; Mod, moderate-responders; Non, non-responders; High, high-responders; N, netupitant; UT, untreated.
